nadectomized male and female guinea pigs, and monitored miniature excitatory and inhibitory postsynaptic currents (mEPSCs and mIPSCs) in arcuate (ARC) neurons. ARC neurons from females exhibited a higher basal mEPSC frequency. WIN 55,212-2 dose-dependently reduced mEPSC and mIPSC frequency; however, cells from males were far less sensitive to the CB1 receptor-mediated decrease in mIPSC frequency. These effects were observed in neurons subsequently identified as POMC neurons. These data reveal pronounced sex differences in how cannabinoids influence the hypothalamic control of homeostasis.
, and are more vulnerable to the cannabinoid-induced impairment of visuospatial memory [5] , than their male counterparts. On the other hand, male rats are more sensitive to the stimulatory effect of the centrally administered CB1 receptor agonist CP 55,940 on the consumption of sweetened condensed milk [6] ; a dose 10X higher is required to elicit an equivalent intake in females. Moreover, men report greater subjective assessments of marijuana intoxication (i.e. more euphoric, high, stimulated), and nicotine pretreatment potentiates the marijuana-induced cardiovascular effects (e.g. increased heart rate) and the behavioral ratings to a greater extent in men than in women [7] .
It has long been known that exogenous and endogenous cannabinoids stimulate appetite in both humans and animal models of feeding [8, 9] . Indeed, ⌬ 9 -tetrahydrocannabinol (THC) has proven effective in ameliorating the cachexia associated with cancer and HIV/AIDS [10] [11] [12] , as has rimonabant in mitigating against obesity and associated metabolic syndrome [13, 14] . The effects of cannabinoids on food consumption are complex and involve interactions between the gut, liver, pancreas, adipose tissue and brainstem [8, 9, 15] . While these components are undoubtedly important to the overall process, cannabinoid actions within several nuclei comprising the hypothalamic feeding circuitry also appear instrumental to the regulation of energy homeostasis. For example, CB1 receptors are expressed in the lateral hypothalamic area (LHA), dorsomedial nucleus, ventromedial nucleus (VMN), arcuate nucleus (ARC) and the paraventricular nucleus (PVN) [9, 16] . In addition, the focal injection of THC into the LHA [17] , as well as of THC and anandamide into the VMN [18] , induces hyperphagia in rats. Moreover, endogenous cannabinoids retrogradely inhibit GABAergic neurotransmission at orexigenic melaninconcentrating hormone (MCH) synapses in the LHA [19] , which would account for the cannabinoid-induced depolarization and the accompanying increase in firing rate of these cells [20] . Furthermore, cannabinoids increase neuropeptide Y (NPY) release from the ARC [21] , and decrease glutamatergic synaptic input onto anorexigenic pro-opiomelanocortin (POMC) neurons from transgenic mice [22] and guinea pigs [23, 24] . Finally, the adipostat leptin decreases hypothalamic concentrations of 2-arachidonyl glycerol [25] , and physiologically antagonizes glucocorticoid stimulation of endogenous cannabinoid biosynthesis and release in the PVN [26] .
The extensive precedence for sex differences in cannabinoid regulated biology provided us with a compelling rationale to further investigate the sexually disparate, cannabinoid-induced modulation of appetite and feeding behavior. The guinea pig is a valid, well-established animal model for appetite regulation. There has been an appreciable amount of information gathered over the past thirty years on the circadian rhythmicity [27] , the effects of fasting [28, 29] , and the operant cues [28] associated with guinea pig feeding behavior. Guinea pigs also have proven to be a more sensitive animal model than rats or mice for the study of the anorectic properties of serotonergics such as fenfluramine [30] and fluoxetine [31] , and like humans suffer from the inability to manufacture their own vitamin C [27, 32] . In addition, the female guinea pig has an ovulatory cycle that is 14-18 days in length with a true luteal phase, and is nearly identical to the primate female [33] [34] [35] [36] . Moreover, the latency of the luteinizing hormone surge following a systemic 17 ␤ -estradiol injection in the ovariectomized guinea pig animal is the same in the non-human primate [33, 37] . Thus, we examined the potential for disparate, microstructural changes in meal pattern caused by the CB1 receptor agonist WIN 55,212-2 or antagonist AM251 in gonadectomized male and female guinea pigs in order to ascertain how cannabinoids may differentially impact the appetitive and consummatory components, as well as the circadian rhythmicity, of feeding in males and females. We also monitored cannabinoid-induced alterations in core body temperature. To further elucidate the cellular mechanisms through which cannabinoids may modulate appetite in a sexually differentiated fashion, we performed whole-cell patch recordings to look at CB1 receptor agonist-induced presynaptic inhibition of miniature excitatory and inhibitory postsynaptic currents (mEPSCs and mIPSCs, respectively) in hypothalamic slices using biocytin-filled electrodes. For comparison, we evaluated food intake in gonadally intact male and female CB1 receptor knockout mice and their littermate controls. The results reveal that males are much more sensitive to the appetite-modulating properties of cannabinoids, which correlates with a marked sex difference in the cannabinoid-induced presynaptic inhibition of GABAergic synaptic input onto anorexigenic POMC neurons.
and provided with food and water ad libitum. They were anesthetized with ketamine/xylazine anesthesia (33 and 6 mg/kg s.c., respectively), gonadectomized and simultaneously implanted with a temperature datalogger (SubCue; Calgary, Alta., Canada) into the abdominal cavity to subsequently record temporal fluctuations and cannabinoid-induced changes in core body temperature. The animals were allowed to recover for 4-6 days prior to experimentation.
CB1 receptor knockout mice were derived from a C57BL/6J background, and kindly provided by Dr. Billy Martin, Virginia Commonwealth University. These transgenic animals were bred in-house, and the genetic karyotyping for each animal was accomplished starting with the isolation of genomic DNA from a small piece of ear lobe obtained via ear punch while the animal was under isoflurane (2%) anesthesia. The following primers (Integrated DNA Technologies, Inc., San Diego, Calif., USA) were used: (1) a common forward primer (GTACCATCACCACA-GACCTCCTC), (2) a CB1 receptor knockout primer (AAGAA-CGAGATCAGCAGCCTCTGTT), and (3) a wild-type primer (GGATTCAGAATCATGAAGCACTCCA). Amplicons 150 bp (for the CB1 receptor knockout) and 300 bp (for the wild type) in length were generated via PCR according to the following protocol: (1) a 5-min incubation at 95 ° C, (2) 25 cycles each consisting of a 1-minute incubation at 95 ° C, a 1-min incubation at 60 ° C and a 2-min incubation at 72 ° C, and (3) a 5-min incubation at 72 ° C. 
Drugs

Feeding Behavior Paradigm
The behavioral experiments were conducted using a four-cage Comprehensive Lab Animal Monitoring System (Columbus Instruments, Columbus, Ohio, USA) from which we monitored 5 parameters of feeding: hourly and daily intake, as well as meal frequency, size and duration. An electronic balance measured the amount of food contained within a food dish and separate spillage container that sat atop of it, with the difference being the actual amount of food consumed. Sensors detected the presence of the animal's head over the food dish, monitored the time spent over it and the amount of food consumed. This information was continuously transmitted to an A/D converter. Provided the animal had eaten a minimum of 10 mg of food by the time it withdrew its head, the event was logged as a meal and the actual mass of food eaten and the time necessary to consume it were digitally stored in the experimental data file. Feeding behavior was assessed under conditions in which food and water were available ad libitum prior to and during the 7 days of testing. Daily food intake was taken as the total amount consumed at the end of a 24-hour monitoring session. Meal frequency equaled the number of meals consumed per unit time. Meal size was defined as the amount of food eaten in a given hour divided by the number of meals in that same hour. Meal duration referred to the amount of time necessary to eat a meal. The animals were allowed to acclimate in the feeding chambers for 24 h per day over a 3-day period. Each morning they were weighed, handled, and returned to their respective chambers. After the 3-day acclimation session, we initiated the 7-day monitoring phase during which the animals were weighed, injected each morning with either WIN 55,212-2 (1 mg/kg s.c.), AM251 (3 mg/kg s.c.) or their cremephor/ethanol/0.9% saline vehicle (1 ml/kg s.c.), immediately placed in their feeding chambers and then subjected to continuous monitoring of each of the 5 above-described feeding parameters over the 24-hour time span.
In vitro Hypothalamic Slice Preparation
On the day of experimentation, the animal was decapitated, its brain removed from the skull and the hypothalamus dissected. We then mounted the resultant hypothalamic block on a cutting platform that was then secured in a vibratome well filled with icecold, oxygenated (95% O 2 , 5% CO 2 ) artificial cerebrospinal fluid (aCSF, in m M : NaCl, 124; NaHCO 3 26; dextrose, 10; HEPES, 10; KCl, 5; NaH 2 PO 4 , 2.6; MgSO 4 , 2; CaCl 2 , 1). Five coronal slices (350 M ) through the ARC were then cut. The slices were transferred to an auxiliary chamber containing oxygenated aCSF, and kept there until electrophysiological recording.
Electrophysiology
Whole-cell patch recordings in hypothalamic slices were performed as previously described [23, 24] . Briefly, during the recording session, slices were maintained in a chamber perfused with a warmed (35 ° C), oxygenated aCSF that was identical to that described above, the exception being an increase in the CaCl 2 concentration to 2 m M . Artificial CSF and all drugs (diluted with aCSF) were perfused via a peristaltic pump at a rate of 1.5 ml/min. Patch electrodes were assembled from borosilicate glass (World Precision Instruments, Sarasota, Fla., USA; 1.5 mm OD) pulled on a P-97 Flaming Brown puller (Sutter Instrument Co., Novato, Calif., USA), and filled with the following (in m M ): potassium gluconate, 128; NaCl, 10; MgCl 2 , 1; EGTA, 11; HEPES, 10; ATP, 1.2; GTP, 0.4; 0.35-0.4% biocytin; adjusted to a pH of 7.3-7.4 with 1.0 N KOH; 297-321 mosm. Electrode resistances varied from 3 to 8 M ⍀ . A Multiclamp 700A preamplifier (Axon Instruments, Foster City, Calif., USA) amplified potentials and passed current through the electrode. The patch electrode was advanced into the ARC with a positive pressure applied to the back of the electrode using a 5-ml syringe connected by polyethylene tubing to the electrode holder. Once the electrode came up against a cell membrane, as indicated by a small decrease in the monitored current deflection (20-50% of the initial amplitude), a slight negative pressure was applied via suction to form a stable gigaohm seal. We obtained whole cell recordings by applying additional suction to rupture the membrane under the electrode. Membrane currents were recorded in voltage clamp with access resistances ranging from 8 to 20 M ⍀ (n = 70), and underwent analog-digital conversion via a Digidata 1322A interface coupled to pClamp 8.2 software (Axon Instruments). The access resistance, as well as the resting membrane potential (RMP) and the input resistance (R in ), were monitored throughout the course of the recording. If the access resistance deviated more than 10% from its original value, the recording was ended. Low-pass filtering of the currents was conducted at a frequency of 2 kHz. The liquid junction potential was calculated to be -10 mV, and was corrected for during data analysis using pClamp software.
Synaptic transmission in the ARC was evaluated as described previously [23, 24] . We recorded mEPSCs and mIPSCs in the presence of TTX (500 n M ) and the appropriate receptor antagonists from holding potentials of -75 and -30mV, respectively. After collecting a 3-to 4-min segment of baseline data, we perfused WIN 55,212-2 (30 n M to 10 M ) for 4 min, and then recorded mEPSCs or mIPSCs in the presence of agonist. The threshold for mEPSC or mIPSC detection was set at least 3 pA below or above the baseline holding current as assessed from the headstage output, and continuously monitored throughout each 3-to 4-min recording period. Information on interval and amplitude was obtained from at least 100 contiguous mEPSCs and mIPSCs, which we used to evaluate cannabinoid-induced alterations in frequency and amplitude as assessed from cumulative probability plots. We also monitored mEPSC and mIPSC decay to account for possible cannabinoid-induced changes in kinetics.
To pharmacologically characterize the effects of CB1 receptor activation on mEPSC and mIPSC frequency and amplitude, ARC neurons from gonadectomized male and female animals were tested with various concentrations of WIN 55,212-2 (0.03-10 M ). Composite dose-response curves were generated from the following modification of the Hill equation:
where ⌬ f max is the maximal inhibition of mEPSC or mIPSC frequency or amplitude, IC 50 represents the agonist potency to inhibit these parameters, and n is the Hill slope. Currents measured in the presence of varying concentrations of WIN 55,212-2 were normalized with respect to their baseline frequency and amplitude.
Immunohistofluorescence
After recording, some slices were processed for phenotypic identification as previously described [38] . Briefly, slices were fixed with 4% paraformaldehyde (PFM) in Sorensen's phosphate buffer (pH 7.4) for 90-180 min. They were then immersed overnight in 20% sucrose dissolved in Sorensen's buffer and frozen in Tissue-Tek embedding medium (Miles, Inc., Elkhart, Ind., USA) the next day. Coronal sections (20 m) were cut on a cryostat and mounted on charged slides. These sections were washed with 0.1 M sodium phosphate buffer (pH 7.4) and then processed with streptavidin-AF488 (Invitrogen Corp., Carlsbad, Calif., USA) at a 1: 300 dilution. After localizing the biocytin-filled neuron, the slides containing the appropriate sections were reacted with antibodies directed against either ␣ -melanocyte-stimulating hormone ( ␣ -MSH; Immunostar, Inc., Hudson, Wisc., USA) or cocaine-amphetamine-regulated transcript (CART; Phoenix Pharmaceuticals, Inc., Burlingame, Calif., USA) at 1: 200 and 1: 2,000 dilutions, respectively, using fluorescence immunohistochemistry [38] .
Statistics
Comparisons between two groups were assessed via the Student's t test. Comparisons between two or more groups were performed using multifactorial, repeated measures analysis of variance (ANOVA) followed by the least significant difference (LSD) test. Differences were considered statistically significant if the probability of error was less than 5%.
Results
Microstructural Analysis Reveals Sex Differences in the Cannabinoid Modulation of Feeding
We have shown previously that CB1 receptor activation and blockade, respectively, elicits hyperphagia and hypophagia associated with weight loss in gonadally intact fasted male guinea pigs [24] . To explore the potential for sex differences in the CB1 receptor-mediated modulation of appetite, we examined the effects of the CB1 receptor agonist WIN 55,212-2 (1 mg/kg s.c.) and antagonist AM251 (3 mg/kg s.c.) on the microstructure of meal pattern in gonadectomized male and female guinea pigs under ad libitum conditions for 7 days. Figure 1 a depicts the hourly intake observed over a 24-hour period. Multifactorial ANOVA revealed significant main effects for both drug (F (1,1) = 135.37, p ! 0.0001) and sex (F (1,1) = 49.19, p ! 0.0001), indicating that systemic administration of WIN 55,212-2 and AM251, respectively, increased and decreased food consumption relative to the vehicletreated control group, and that males ate more than females. No signs of tolerance were observed over the course of the monitoring period. As shown in the interaction plot of figure 1 b, there also was a significant interaction (F (1,1) = 30.51; p ! 0.0001), meaning that the agonistinduced increase in hourly food intake, and the antagonist-induced decrease, were more substantial in males than in females. Examination of the temporal profile in figure 1 a revealed an apparent biphasic effect of WIN 55,212-2. In females, the agonist caused an acute increase in hourly intake that peaked 2 h after administration. This effect was transient in that hourly intake returned to normal within an hour after the peak increase, followed by an apparent compensatory hypophagia that lasted for 2 h. Interestingly, there was a secondary hyperphagia that peaked 1 h into the dark phase (lights off at 19: 00 h) and was maintained throughout the nocturnal period. By contrast, WIN 55,212-2 evoked an acute hyperphagic response in males of comparable magnitude to that observed in females, but this effect was much more prolonged and lasted up to 8 h after the peak hyperphagic response with no compensatory hypophagia. Moreover, the secondary, latent nocturnal hyperphagia was considerably more pronounced in males than in females. The effect of AM251 was also biphasic. AM251 clearly de-creased hourly intake in both male and female animals 2 h after administration, and then again during the nocturnal peak that occurred 1 h into the dark period. However, in males, the antagonist continued to suppress hourly intake throughout the latter half of the nocturnal period. Cannabinoid-induced changes in hourly intake were paralleled by sexually disparate alterations in the absolute food intake observed over a 24-hour period (drug: F (1,1) = 30.97, p ! 0.0001; sex: F (1,1) = 10.36, p ! 0.002; interaction: F (1,1) = 7.44; p ! 0.001; fig. 2 ). WIN 55,212-2 increased daily intake, and this agonist-induced elevation was substantially greater in males than in females. In looking strictly at the 24-hour intake, AM251 caused a modest yet statistically insignificant decrease that also appeared greater in males than in females. To account for variations in body weight between batches of animals, or over the course of the experimental par adigm, we also examined cannabinoid effects on the amount of food consumed per gram body weight. Multifactorial ANOVA uncovered a significant main effect of drug (F (1,1) = 17.97, p ! 0.0001) but not sex (F (1,1) = 1.44, p ! 0.24), as well as a significant interaction (F (1,1) = 11.42, p ! 0.0001). Thus, as shown in figure 3 , WIN 55,212-2 increased the amount of food eaten per gram body weight to a greater extent in males than in females, whereas AM251 decreased the amount of food eaten per gram body weight in males, but not females.
Cannabinoids and sex exhibited significant main effects on meal frequency, as well as a significant interaction (drug: F (1,1) = 108.44, p ! 0.0001; sex: F (1,1) = 18.71, p ! 0.0001; interaction: F (1,1) = 38.37, p ! 0.0001; fig. 4 ). However, in this case, females exhibited both a lower intrinsic meal frequency and were more responsive than males to the stimulatory effect of WIN 55,212-2 ( fig. 4 b) . As shown in figure 4 a, the agonist-induced increase in meal frequency seen in females was biphasic in that there was an initial increase that peaked 2 h after drug administration, and a delayed increase that began in the late afternoon and continued on through the dark phase of the light cycle. In males, only the delayed increase was observed. On the other hand, AM251 decreased meal frequency overall, but as illustrated by the interaction plot in figure 4 b, this effect was conferred exclusively to males. In fact, AM251 modestly elevated meal frequency in females. As shown in the temporal profile in figure 4 a, the antagonist-induced decrease in male meal fre- quency became apparent 2 h after administration and persisted for an additional 6 h into the late afternoon. There also was a robust reduction in meal frequency observed 1 h into the dark phase as well as a latent decrease evident throughout the latter half of the nocturnal period ( fig. 4 a) . The appetite modulating properties of these cannabinoid ligands also were associated with alterations in meal size (drug: fig. 6 ). Thus, the significant stimulatory effects of WIN 55,212-2 on meal size and duration were due exclusively to its effects in males. In females, which exhibited higher intrinsic meal size and duration, the agonist actually decreased meal size overall and was without effect on meal duration ( fig. 5 b, 6 b) . The increases in the amount of food eaten per meal and meal duration observed in males became apparent within one hour, peaked within 2-3 h, and lasted up to 7-9 h following the administration of the agonist ( fig. 5 a, 6 a) . AM251 also produced comparatively modest increases in meal size and duration in males, but had no effect in females.
The Cannabinoid Modulation of Weight Gain and Body Temperature Is Sexually Differentiated
We found that the cannabinoid-induced alterations in feeding behavior correlated with changes in weight gained over the course of the 7-day monitoring period (drug: F (1,1) = 3.81, p ! 0.05; fig. 7 ). WIN 55,212-2 produced a slight increase in weight gain relative to vehicle-treated controls (14.6% in males; 0.3% in females) that was not statistically significant. On the other hand, AM251 caused a robust reduction in weight gain (16.8% vs. vehicle-treated control in males; 52.7% vs. vehicle-treated control in females). In keeping with their ability to activate and antagonize CB1 receptors, respectively, WIN 55,212-2 and AM251 also elicited considerable changes in core body temperature. The main drug effects were also associated with a significant effect of sex as well as a significant interaction (drug: F (1,1) = 1568.37, p ! 0.0001; sex: F (1,1) = 54.93, p ! 0.0001; interaction: F (1,1) = 114.30, p ! 0.0001; fig. 8 ). Acutely, WIN 55,212-2 elicited a marked hypothermia that peaked ϳ 3.5 h after administration and was ϳ 0.5 ° C more prominent in males than in females ( fig. 8 a) . However, females showed an intrinsically higher core body temperature that was particularly evident during the nocturnal period ( fig. 8 a) , and thus over- # Values from females that are significantly different (multifactorial ANOVA/LSD; p ! 0.05) than those from their male counterparts. * * Values from animals treated with AM251 that are significantly different (multifactorial ANOVA/LSD; p ! 0.05) than those observed in vehicle-or agonist-treated animals. b An interaction plot that illustrates the significant interaction between sex and drug, and the significant changes in meal duration in agonist-and antagonist-treated animals.
all the hypothermic effect of the agonist was greater in females than in males ( fig. 8 b) . By contrast, AM251 caused an increase in core body temperature that was overall more extensive in males and most striking during the dark phase.
Sex Differences in the Cannabinoid-Induced Presynaptic Inhibition of GABAergic but Not Glutamatergic Neurotransmission at POMC Synapses
We have demonstrated previously that CB1 receptor agonists presynaptically modulate ionotropic glutamatergic and GABAergic currents in POMC neurons as evidenced by: (1) a reduced amplitude of evoked EPSCs and IPSCs, (2) an increase in the S2:S1 ratio using the paired pulse paradigm, and (3) a decrease in the frequency, but not amplitude, of mEPSCs and mIPSCs [23, 24] . Given the sex differences in the cannabinoid-induced modulation of feeding behavior that were particularly pronounced for the agonist more so than the antagonist, we wanted to determine if this sexual disparity could be attributed in part to alterations in synaptic input onto anorexigenic POMC neurons. Sixty-seven neurons from the ARC of gonadectomized male and female guinea pigs were used to address this issue. No differences in RMP (males: -52.3 8 1.9 mV; females: -50.0 8 1.2 mV) or R in (males: 605.7 8 58.3 M ⍀ ; females: 680.0 8 60.6 M ⍀ ) were observed. In addition, neither sex nor cannabinoid agonist treatment had any effect on the time-to-peak or the rate of inactivation of the mEPSCs or mIPSCs. Figure  9 shows current traces and cumulative probability plots derived from mEPSCs recorded in ARC neurons from male and female animals under baseline conditions and in the presence of WIN 55,212-2. Both doses of the agonist increased the interval between contiguous mEPSCs in cells from both males and females that translates into a graded decrease in mEPSC frequency of similar proportion between the sexes. These current traces and probability plots also show that the amplitudes of the mEPSCs recorded in the absence and presence of the agonist were of comparable magnitude. Similarly, WIN 55,212-2 decreased the frequency but not amplitude of mIPSCs recorded in ARC neurons. However, examination of the current traces shown in figure 10 indicated an apparently greater inhibitory effect of WIN 55,212-2 in the cell from the female animal. Whereas the intermediate dose of WIN 55,212-2 (100 n M ) produced a clear, near maximal decrease in mIPSC frequency in the ARC neuron from the female animal, it was without effect on mIPSC frequency in the cell from the male animal. Only in the presence of the 1 M concentration of agonist was any appreciable decrease in mIPSC frequency observed. Indeed, this was substantiated upon systematic evaluation of the dose-response effects of the agonist on mEP-SC and mIPSC frequency. Figure 11 shows the composite baseline characteristics for mEPSC and mIPSC frequency and amplitude in ARC neurons from male and female animals as well as the composite dose-inhibition relationships generated for the agonist-induced decrease in mEPSC and mIPSC frequency. It is noteworthy that under basal conditions, the mEPSC frequency in females is ϳ 2 ! higher than in males, whereas the mEPSC amplitudes, as well as the mIPSC frequencies and amplitudes, are of comparable magnitude. WIN 55,212-2 elicited dose-dependent decreases in mEPSC frequency, with an estimated IC 50 of 50.4 n M and ⌬ f max of 55.7% in males that closely approximated those observed in females (69.1 n M and 49.8%, respectively). WIN 55,212-2 also reduced mIPSC frequency in a dose-dependent fashion; however, in this instance and as was inferred from figure 10 , ARC neurons from female animals were more sensitive to the inhibitory effect of the cannabinoid as manifest by a rightward shift in the dose-inhibition curve for the males and an ϳ 6 ! decrease in agonist potency (females: IC 50 = 72.6 n M , ⌬ f max = 50.6%; males: IC 50 = 427.6 n M , ⌬ f max = 47.2%). These presynaptic actions of WIN 55,212-2 occurred in ARC neurons from male and female animals that were subsequently labeled via immunohisto- fluorescence with phenotypic markers for POMC neurons, namely ␣ -MSH and CART ( fig. 12 ; n = 15).
Decreased Feeding in CB1 Receptor Knockout Mice Is also Sexually Differentiated
To further characterize the sexually differentiated role of CB1 receptors in regulating energy homeostasis, we evaluated food intake in CB1 receptor knockout mice and their littermate wild-type controls. Figure 13 depicts the hourly and daily food intake, as well as the average daily body weight observed over the course of the monitoring period, in gonadally intact male and female animals. The temporal profile for the hourly intake displayed a striking resemblance to that encountered with the CB1 receptor antagonist AM251 in gonadectomized guinea pigs. Multifactorial ANOVA revealed a significant main effect of genotype (F (1,1) = 7.47, p ! 0.007) as well as a significant interaction (F (1,1) = 5.55; p ! 0.02), in which male but not female CB1 receptor knockout mice exhibited a reduced hourly intake relative to their respective wild-type counterparts that was particularly evident during the nocturnal period. This translated into a ϳ 25% reduction in total intake observed over a 24-hour period and a significantly lower average daily body weight in males, but not females. Taken together, these data demonstrate marked sex differences in the cannabinoid modulation of feeding behavior and body temperature, the former of which correlates with sexual disparities in the sensitivity to cannabinoid-induced presynaptic inhibition of GABAergic neurotransmission at POMC synapses.
Discussion
The results of the present study demonstrate that cannabinoids regulate appetite in a sexually differentiated manner that involves in part inequities in the CB1 receptor-mediated presynaptic inhibition of ionotropic GABAergic synaptic input onto POMC neurons. These conclusions are based on the following observations: (1) male guinea pigs are much more sensitive to the hyperphagic effect evoked by CB1 receptor activation following systemic administration of WIN 55,212-2 as determined by greater increases in food intake, the amount of food consumed per gram body weight, meal size and meal duration, (2) male guinea pigs and mice also are more responsive to hypophagia due to either CB1 receptor antagonism by AM251 or genetic knockout as ascertained by more extensive diminutions in hourly intake, the amount of food eaten per gram body weight and meal frequency, weight gain, as well as a more robust hyperthermia, and (3) WIN 55,212-2 reduces mIPSC frequency in ARC neurons from female guinea pigs, including those immunopositive for ␣ -MSH and CART, with a considerably greater potency than in cells from their male counterparts. The fact that we also observed frank sexual disparities in the cannabinoid modulation of core body temperature is suggestive of an impressive capacity to influence a broader, more global array of sex differences in the hypothalamic control of homeostasis. Indeed, the cannabinoid regulation of preproCRH and POMC gene expression in the PVN and ARC, respectively, is sexually differentiated [39] . In addition, it is in accordance with broad-based inequities in the cannabinoid-induced antinociception [1, 2] , locomotor effects [1] [2] [3] , hemodynamic effects [4, 7] , impairment of visuospatial memory [5] , subjective ratings of intoxication [7] and interactions with other drugs of abuse [7, 40] that have been reported between males and females. The hyperphagia evoked upon CB1 receptor activation in the present study is consistent with that observed in humans and other rodent animal models of feeding [8, 9] , and with what we reported previously for the gonadally intact, fasted male guinea pig [24] . Our data are also in line with a reported sex difference in the cannabinoidinduced consumption of sweetened condensed milk, in which male rats exhibited ϳ 10 ! greater sensitivity to the CB1 receptor agonist CP 55,940 administered into the fourth ventricle [6] . The comprehensive analysis of meal pattern performed in the present study extends this finding by providing a much greater resolution of the appetite-modulating properties of cannabinoids. Indeed, the Fig. 9 . CB1 receptor activation decreases mEPSC frequency to a comparable degree in ARC neurons from male and female animals. There are 6 membrane current traces -3 that are 25 s in duration and 3 that are 5 s in duration and represent expanded portions of their respective upper traces that are enclosed by the rectangle that show the mEPSCs in an ARC neuron from a gonadectomized male (top two rows) and female (bottom two rows) under basal (left column), and agonist-stimulated (middle and right columns) conditions. To the right of the traces are cumulative probability plots depicting the interval between contiguous mEPSCs and their amplitudes for each of the 3 treatment conditions. The ARC neuron from the male animal exhibited a basal mEPSC frequency of 7.4 Hz, whereas the cell from the female animals had a baseline frequency of 9.3 Hz. 300 n M and 3 M WIN 55,212-2 elicited a ϳ 33% and 52% reduction, respectively, in mEPSC frequency relative to baseline control in the ARC neuron from the male animal, whereas these same concentrations of agonist evoked ϳ 45% and 60% decreases in the cell from the female animal.
24-hour profiles clearly illustrate the sexually differentiated, cannabinoid-induced microstructural changes that occur over time. They provide critical information regarding the period of maximum drug effect after administration (2-3 h), as well as insight into the appetitive/consummatory aspects of feeding affected by cannabinoid treatment. In females, both the acute and secondary cannabinoid-induced hyperphagia are frequency-dependent and thus due to an enhancement of the appetitive components of eating in the sense that an increase in frequency represents a greater inclination to eat, whereas for males the acute phase is due to an augmentation of the consummatory components of feeding manifested by increases in meal size and duration, and the secondary phase is, as with females, frequency-dependent. On the other hand, the hypophagia caused by antagonism of CB1 receptors in males is associated with a decrease in meal frequency, and thus may reflect a decrease in the appetitive component of feeding. This effect may also be due to an AM251-induced inverse agonism of the CB1 receptor, as has been reported elsewhere [41] . We have shown previously that AM251 increases mEPSC frequency at guinea pig POMC synapses [23, 24] . However, AM251 also modulates dopamine release in the nucleus accumbens in rats [42] , which is suggestive of an anhedonic effect that may account, in part, for its anorectic properties [42, 43] . Overall, the anorectic effects that we encountered upon CB1 receptor blockade or ablation were of lesser magnitude than the robust hyperphagic effects observed following CB1 receptor activation. This discrepancy may be attributed to the fact that regular guinea pig chow was used in lieu of a more palatable diet. Indeed, THC is far conditions. To the right of the traces are cumulative probability plots depicting the interval between contiguous mIPSCs and their amplitudes for each of the 3 treatment conditions. The ARC neuron from the male animal exhibited a basal mIPSC frequency of 12.2 Hz, whereas the cell from the female animal had a baseline frequency of 13.7 Hz. 100 n M WIN 55,212-2 had no effect on mIPSC frequency relative to baseline control in the ARC neuron from the male animal, whereas the agonist evoked a ϳ 33% decrease in the cell from the female animal. The higher 1 M concentration elicited a ϳ 54% reduction in mIPSC frequency in the ARC neuron from the male animal, and a ϳ 41% diminution in the cell from the female animal. more effective in stimulating appetite in rats fed a highfat diet compared to those fed normal chow [44] , and AM251 dramatically decreased food intake, body weight and adipose tissue mass in obese mice fed a high-fat Western diet [45] . Future studies will ascertain whether sex differences in the cannabinoid modulation of appetite transcend the exposure to different diets.
We have demonstrated previously that cannabinoids presynaptically inhibit glutamate and GABA release from terminals impinging upon POMC neurons in both male [24] and female [23] guinea pigs. Presently we show that females exhibit a higher degree of tonic glutamatergic synaptic input onto POMC neurons than do males, and that WIN 55,212-2 presynaptically inhibits glutamate re- lease with equivalent potency and efficacy in females and males. This increased basal level of glutamatergic neurotransmission in females is consistent with sex differences in N-methyl-D -aspartate receptor-mediated regulation of A 12 dopamine neurons [46] , and may reflect either an increased number of asymmetric synapses impinging on POMC neurons as has been described for sex differences in the synaptic organization of the medial amygdala [47] , or a comparatively larger number of vesicular glutamate versus GABA transporters like those expressed in dual-phenotype amino acid neurotransmitter-containing nerve terminals impinging on GnRH neurons [48] . On the other hand, the agonist presynaptically inhibits GABAergic neurotransmission at POMC synapses with an approximately sixfold greater potency in females than in males. Thus, while CB1 receptor activation decreases glutamate release to a similar extent in females and males, ultimately there would be higher levels of glutamate at POMC synapses due to the elevated basal release of the transmitter in females. Conversely, males are comparatively refractory to the CB1 receptor-mediated presynaptic inhibition of GABA release, and in the presence of cannabinoids males would exhibit greater levels of GABA at POMC synapses than females. In essence, cannabinoids are shifting the balance of excitation and inhibition in a sexually differentiated manner. In males, the lower basal release of glutamate coupled with a less extensive CB1 receptor-mediated decrease in GABA release favors GABA A receptor-mediated inhibition at POMC synapses, whereas in females the net balance is shifted in favor of glutamatergic excitation. Therefore, females are more likely to exhibit higher impulse traffic along the axons of POMC neurons, and thus more anorectic peptide release and less appetite stimulation upon CB1 receptor activation than males. The corroborating sex difference in energy homeostasis exhibited by the CB1 receptor knockout mice is very similar to that previously reported for transgenic mice lacking the posttranslational POMC byproduct ␤ -endorphin, in which male ␤ -endorphin knockout mice show more persistent hyperphagia and more pronounced obesity with ad libitum access to food, as compared to their female counterparts [49, 50] . This serves once again to reinforce the notion that POMC neurons are a critical neuroanatomical substrate for the sexually dimorphic cannabinoid regulation of appetite.
The sex differences presently observed in the guinea pig were characterized under conditions devoid of circulating reproductive hormones. This suggests that organizational effects of gonadal steroids are integral to the sexual disparities in the cannabinoid modulation of appetite and metabolism. Indeed, the sexually differentiated cannabinoid modulation of appetite that we observed in gonadally intact male and female mice is very similar to that encountered in gonadectomized male and female guinea pigs. In addition, the establishment of sex differences in primates and guinea pigs including, but not limited to, morphologic differences in the hypothalamus and limbic system, the expression of aromatase and gonadal steroidinduced negative feedback on gonadotropin secretion, is due to in utero and neonatal exposure to androgens [51] . Moreover, in utero androgenization of developing fetal female mice increases the GABAergic synaptic input onto GnRH neurons observed in adulthood [52] . However, this does not rule out the potential for activational influ- ences of gonadal steroid hormones on the cannabinoid modulation of energy homeostasis. Gonadal steroids are known to alter food intake, and it is compelling to hypothesize that they do so through interactions with cannabinoids on the hypothalamic feeding circuitry. For example, estrogen attenuates and accentuates the cannabinoid-induced presynaptic inhibition of glutamatergic and GABAergic synaptic input, respectively, onto anorexigenic POMC neurons [23] , and this is due presumably to its ability to modulate the coupling of metabotropic receptors to their effector systems [53] . Estrogen also decreases food intake and weight gain in rats [54] and guinea pigs [55, 56] , and in humans, energy intake is lower in the estrogen-dominated follicular phase than in the progesterone-dominated luteal phase [57] . On the other hand, testosterone stimulates GABA turnover in the rostral and mediobasal hypothalamus [58, 59] . In addition, aging-induced anorexia is associated with reductions in testosterone levels and with a decreased capacity for refeeding-induced weight gain following prolonged 0 00:00:00 08:00:00 08:00:00 16:00:00 16:00:00 00:00:00 00:00:00 00:00:00 fasting [60, 61] . Furthermore, testosterone and nandrolone cause weight gain and increase lean body mass to effectively counter AIDS-associated wasting [62, 63] . Future experiments will evaluate whether gonadal steroids differentially influence cannabinoid modulation of feeding via putative activational effects.
In conclusion, the results of the present study demonstrate clear and marked sex differences in the cannabinoid modulation of energy homeostasis. Overall, males are substantially more responsive to the hyperphagic and hypophagic, as well as the hypothermic and hyperthermic, effects of CB1 receptor agonists and antagonists, respectively. This may be attributed in part to disparities in CB1 receptor-mediated regulation of GABAergic synaptic input onto anorexigenic POMC neurons, in which males exhibit a comparatively blunted presynaptic modulation of GABA release. Our findings are in agreement with recent papers touting the efficacy of THC to stimulate appetite in patients suffering from HIV/AIDS-or cancer-related cachexia [10] [11] [12] or from chronic pain [64] , in which the vast majority of the study participants were male. By contrast, in another trial describing a lack of effect of THC on cancer-related anorexia-cachexia, the gender composition of the study was considerably more equitable [65] . This indicates that gender should be taken into account when considering the use of cannabinoids to modulate appetite in these various clinical scenarios.
